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COMPOUND SEMICONDUCTOR FET 
BACKGROUND OF THE INVENTION 

[0001] The present invention relates to a compound semiconductor 
5 FET (Field Effect Transistor) and electronic circuits using the same, and 
more particularly, to a GaN semiconductor FET. 

[0002] Conventionally, there have been known GaN heteroj unction 
FETs (GaN HFETs). As an example, a GaN heterojunction FET 
disclosed in USP No. 5,192,987 will be described with reference to Fig. 7. 

10 Semiconductor layers of Fig. 7 are of the hexagonal C-plane Ga- surface 
type. In the semiconductor layers and metal layers of Fig. 7, reference 
numeral 21 denotes a sapphire substrate, 22 denotes a 100 nm thick 
undoped A1N layer, 23 denotes a 1 jim thick undoped GaN layer, 24 
denotes a 30 nm thick undoped Al0.2Ga0.sN layer, 25 denotes a 

15 Ti/Al/Pt/Au source ohmic electrode, 26 denotes a Pt/Au gate Schottky 
electrode, and 27 denotes a Ti/Al/ Pt/Au drain ohmic electrode. 
[0003] A channel is generated at an interface between the undoped 
GaN layer 23 and the Alo . 2 Ga 0 . s N layer 24, causing a two-dimensional 
electron gas (2D EG) of electrons to be generated. The concentration of 

20 this 2DEG is controlled with a bias voltage applied to the Pt/Au gate 
Schottky electrode. When the applied bias voltage goes beyond the 
"pinchoff voltage Vp" of the device, the concentration of the 2DEG 
becomes zero. 

[0004] However, conventional GaN HFETs have a problem that even 
25 if the gate voltage goes beyond the pinchoff voltage Vp with the result of 
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a zero concentration of 2DEG, there would remain electric charges 
under the gate so that application of a voltage to between source and 
drain would cause a current flow. This phenomenon is called as 
"parallel conduction." Referring to DC characteristics (drain current - 
5 drain voltage characteristics) of a conventional GaN HFET shown in Fig. 

10, because of a low output resistance, there occurs no pinchoff even 
when a bias voltage Vg has reached the pinchoff voltage (Vp = -4 V). 
[0005] Another problem of GaN HFETs is that when the gate voltage 
goes beyond the pinchoff Vp, there would flow a gate leak current. 

10 This phenomenon is called as "gate leak". Referring to gate-source 
Schottky diode characteristics of conventional GaN HFETs shown in Fig. 

11, there can be recognized a characteristic that the leak current 
linearly increases as the reverse bias voltage of the gate increases above 
a certain voltage. 

1 5 [0006] The smaller the thickness of the GaN layer 23 is, the more 
noticeable these problems of "pinchoff and "gate leak" become. 

SUMMARY OF THE INVENTION 

[0007] An object of the present invention is to solve or reduce the 
20 parallel conduction and the gate leak in compound semiconductor 
FETs. 

[0008] Whereas the problem of parallel conduction in GaN HFETs is 
generally recognized, its causes have not been resolved. The present 
inventor repeated measurements and simulations, thereby finding that 
25 the issue of parallel conduction and the issue of gate leak result from 



the same cause. This cause can be considered to lie in the presence of 
a two-dimensional hole gas (2DHG) at the AIN/GaN interface. 
[0009] There is a difference in spontaneous polarization between 
hexagonal GaN and A1N. Besides, strain in either one of the materials 
5 causes a polarization due to a piezoelectric effect. These spontaneous 
polarization and piezoelectric polarization generate a discontinuity of 
electric fields at the AIN/GaN heterojunction interface of conventional 
GaN HFETs. The electric-field discontinuity leads to the generation of 
a 2DHG. 

10 [00 lO] Fig. 8 shows results of a simulation performed with 

consideration of the effects of spontaneous polarization and 
piezoelectric polarization in a conventional GaN HFET shown in Fig. 7. 
Fig. 8 gives results of the simulation under a condition where the gate 
bias voltage is zero, showing an energy band diagram, an electron 

15 concentration , and a hole concentration. The hole sheet concentration 
(ps) of the 2DHG present at the AIN/GaN heterojunction interface is 1.8 
x 10 13 cm 2 . The 2DHG serves as a channel parallel to the 
original-channel at the GaN/AlGaN interface (with 2DEG concentration 
ns = 9.4 x 10 1 2 cm- 2 ), causing conduction of the current by the voltage 

20 between source and drain. This causes the parallel conduction. 

[0011] In the conventional GaN HFET shown in Fig. 7, an 

undesirable current also flowes through the Schottky gate electrode due 
to the 2DHG present at the AIN/GaN hetero-interface. Fig. 9 gives 
results of a simulation in the case where a high negative voltage is 

25 applied to the gate electrode of Fig. 7 so that the concentration of the 
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2DEG present at the GaN/AlGaN interface becomes zero, showing the 
energy band diagram, electron concentration and hole concentration. 
The hole current flows from the 2DHG to the gate electrode. This 
causes the gate leak. 
5 [0012] The present invention has been accomplished based on the 
above-described findings. 

[0013] In a first aspect of the present invention provides a 

compound semiconductor FET comprising an A1N layer provided on a 
substrate, an n-type delta doped III-N layer provided on the A1N layer, a 

10 plurality of III-N layers provided on the n-type delta doped III-N layer, a 
source electrode, a gate electrode, and a drain electrode. 
[0014] In the compound semiconductor FET, the n-type delta doped 
III-N layer provided at the interface of the A1N layer and the III-N layer 
reduces a 2DHG generated at the interface between the A1N layer and 

15 the III-N layer, resulting in that both parallel conduction and gate leak 
is eliminated or reduced. 

[0015] The term "III-N layer" as used herein refers to a compound 
semiconductor layer containing a group-Ill element and N element. 
[0016] More specifically, the n-type delta doped III-N layer is an 
20 n-type delta doped GaN layer, the plurality of III-N layers comprise a 
GaN layer and an AlGaN layer formed on the GaN layer, and the source 
electrode, the gate electrode and the drain electrode are provided on the 
AlGaN layer. 

[0017] Alternatively, the n-type delta doped III-N layer is an n-type 
25 delta doped GaN layer, and the plurality of III-N layers comprise a GaN 
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layer and an AlGaN layer formed on the GaN layer, wherein the 
compound semiconductor FET further comprises an insulating layer on 
the AlGaN layer, and wherein the source electrode and the drain 
electrode are provided on the AlGaN layer, and moreover the gate 
5 electrode is provided on the insulating film. 

[0018] Preferably, dopant concentration of the n-type delta doped 
III-N layer is set so as to reduce discontinuity of an electric field at an 
interface between the A1N layer and the III-N layer. 

[0019] In a case where the material of the substrate is sapphire and 
1 0 each of the semiconductor layers is formed of a semiconductor having a 
C-plane Ga-surface, it is preferable that the sheet doping concentration 
of the n-type delta doped III-N layer is within a range of 1 x 10 1 3 cm* 2 
to 2 x 10 13 cm- 2 . 

[0020] In a case where the material of the substrate is SiC and each 
15 of the semiconductor layers is formed of a C-plane Ga-surface oriented 
semiconductor, it is preferable that the sheet doping concentration of 
the n-type delta doped III-N layer is within a range of 5 x 10 1 2 cm- 2 to 
1.5 x 10 13 cm- 2. 

[0021] A second aspect of the present invention provides an 
20 electronic circuit provided with the above-mentioned compound 
semiconductor FET. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] These and other objects and features of the present invention 
25 will become apparent from the following description taken in 



conjunction with preferred embodiments thereof with reference to the 
accompanying drawings, in which: 

Fig. 1 is a schematic structural view showing a GaN FET according 
to a first embodiment of the invention; 

Fig. 2 is a diagram showing an energy band diagram, an electron 
concentration, and a hole concentration of a GaN FET according to the 
first embodiment; 

Fig. 3 is a diagram showing an energy band diagram, an electron 
concentration, and a hole concentration of a GaN FET in a case where 
the sheet doping concentration of the delta doped layer is excessively 
high; 

Fig. 4 is a schematic structural view showing a GaN FET according 
to a second embodiment of the invention; 

Fig. 5 is a diagram showing DC characteristics of a GaN HFET 
according to an embodiment of the invention; 

Fig. 6 is a diagram showing DC characteristics of a GaN HFET 
according to an embodiment of the invention; 

Fig. 7 is a schematic structural view showing a conventional GaN 
FET; 

Fig. 8 is a diagram showing an energy band diagram, an electron 
concentration, and a hole concentration of a conventional GaN FET; 

Fig. 9 is a diagram showing an energy band diagram, an electron 
concentration, and a hole concentration of a conventional GaN FET with 
a high reverse bias voltage; 

Fig. 10 is a view showing DC characteristics of a conventional GaN 
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HFET; and 

Fig. 1 1 is a view showing gate schottky diode characteristics of a 
conventional GaN HFET. 

5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIRST EMBODIMENT 
[0023] In Fig. 1, a structure of a GaN HFET according to a first 
embodiment of the invention is shown. In the semiconductor layers 
and metal layers shown in Fig. 1, reference numeral 11 denotes a 

10 substrate, 12 denotes a 100 nm thick undoped A1N layer, 18 denotes a 
GaN delta doped layer (with sheet doping concentration ns = 1.5 x 
10 13 crrr 2 ), 13 denotes a 1 pm thick undoped GaN layer, 14 denotes a 
30 nm thick undoped Al0.2Ga0.sN layer, 15 denotes a Ti/Al/Pt/Au 
based source ohmic electrode, 16 denotes a Pt/Au based gate Schottky 

15 electrode, and 17 denotes a Ti/Al/Pt/Au based drain ohmic electrode. 

[0024] The present invention features in that the GaN delta doped 
layer 18 is placed at the interface between the undoped A1N layer 12 
and the undoped GaN layer 13. The term "delta doped layer" refers to 
a layer in which dopants are doped in an extremely thin layer. The 

20 thickness of the delta doped layer 18 is ideally 0 nm but actually the 
layer has some degree of thickness. In the present invention, the 
thickness is preferably not more than 50 nm. 

[0025] The process for fabrication of the GaN HFET will be outlined. 
The material of the substrate 11 is sapphire. On this substrate 11 
25 each of semiconductor layers is grown by molecular beam epitaxy (MBE). 



8 

After the crystal growth of the undoped A1N layer 12, the GaN delta 
doped layer 18, the undoped GaN layer 13, and the undoped AlGaN 
layer 14 in succession, the electrodes 15, 16, and 17 are formed on the 
undoped AlGaN layer 14. The undoped GaN layer 13 is of the C-plane 
5 Ga-surface type. 

[0026] In the GaN delta doped layer 18, Si is the dopant. The sheet 
doping concentration Ns of the Si is 1.5 x 10 1 3 cm- 2 . 
[0027] Fig. 2 shows results of a simulation performed with 

consideration of the effects of spontaneous polarization and 

10 piezoelectric polarization in the GaN HFET having the structure of Fig. 1. 
Fig. 2 gives results of a simulation under a condition where the gate 
bias voltage is zero, showing an energy band diagram, an electron 
concentration, and a hole concentration. Although the 2DHG is still 
present at the AIN/GaN heteroj unction interface, its hole concentration 

15 ps is 2.9 x 10 12 cm 2 . The hole sheet concentration ps is lower 
than the hole sheet concentration of the 2DHG in the conventional GaN 
HFET, which is 1.8 x 10 1 3 cm- 2 as shown in Fig. 8. The 2DHG acts as 
a channel parallel to the original-channel GaN/ AlGaN interface (which 
has 2DEG concentration ns = 9.4 x 10 1 2 cm- 1 2 ) . However, due to the 

20 lower hole concentration, the value of a current conducted by the 
voltage between the source and the drain is decreased. In other words, 
the parallel conduction is reduced. 

[0028] Fig. 3 is also a diagram showing an energy band diagram, an 
electron concentration, and a hole concentration of a GaN HFET. The 
25 structure of the GaN HFET of Fig. 3 differs from that of Fig. 1 only in 
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that the sheet doping concentration of the GaN delta doped layer 18 is 
higher. More specifically, whereas the sheet doping concentration Ns 
of the GaN delta doped layer 18 in the structure of Fig. 1 is 1.5 x 10 13 
cm- 2 , the sheet doping concentration Ns of the GaN delta doped layer 
5 18 in the structure of Fig. 3 is 3.0 x 10 1 3 cm 2 . As shown in Fig. 3, 
due to an excessively high doping concentration of the delta doped layer, 
a 2DEG is generated at the AIN/GaN interface. The 2DEG serves as a 
channel parallel to the GaN/AlGaN interface (with its 2DEG 
concentration ns = 9.4 x 10 12 cm 2 ), causing the total electron sheet 
10 concentration to increase to 1.9 x 10 13 cm 2 and causing a parallel 
current to flow when a voltage is applied between the source and the 
drain. 

[0029] The sheet doping concentration Ns of the GaN delta doped 
layer 18 at the AIN/GaN interface is, most effectively, within a range of 

15 0 < Ns < Nsmax (the value of Ns may be a little over Nsmax as long as 
an electron concentration of the generated 2DEG is low). The 
maximum sheet doping concentration Nsmax is such a concentration 
that the discontinuity of the electric field present at the AIN/GaN 
interface is exactly compensated. In the case that the C-plane 

20 Ga-surface GaN layer is provided on a sapphire substrate, Nsmax is 2 x 
10 13 cm 2 . In the case that a C-plane Ga-surface GaN layer is 
provided on a SiC substrate, Nsmax is 1.5 x 10 1 3 cm- 2 . 
[0030] In the case of the sapphire substrate, the sheet doping 
concentration is preferably within a range of 1 x 10 13 cm 2 < Ns < 2 x 

25 10 1 3 cm- 2 . This is because that if the concentration is lower than 1 x 
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10 1 3 cm- 2 , hole charges due to the spontaneous polarization cannot be 
sufficiently compensated, so that neither "parallel conduction" nor "gate 
leak" can be sufficiently reduced. Further, if Ns is higher than Nsmax, 
hole charges due to the spontaneous polarization are compensated 
excessively. The excessive compensation increases electron charge, 
thereby causing the "parallel conduction." 

[0031] In the case of a SiC substrate, the concentration is preferably 
within a range of 5 x 10 12 cm 2 < Ns < 1.5 x 10 13 cm 2 . The reason 
of this is similar to that of the case of the sapphire substrate. Strain of 
the A1N layer, which differs in numerical value, varies depending on the 
substrate. The upper and lower limits of Ns are determined according 
to the material of the substrate. 

[0032] The current that flows from the 2DHG to the gate electrode at 
the AIN/GaN hetero-interface which causes the gate leak decreases with 
increasing sheet resistance of the 2DHG. Therefore, higher sheet 
resistance is desirable. 

[0033] In the present invention, since the concentration of the 
2DHG present at the AIN/GaN hetero-interface is decreased by the 
n-type GaN delta doped layer 18, the gate leak current decreases. 

SECOND EMBODIMENT 
[0034] A GaN HFET of a second embodiment of the present 
invention has a similar construction to that of the first embodiment 
shown in Fig. 1 except that the material of the substrate 1 1 is SiC, that 
the method of growth of semiconductor layers is the metal-organic 
chemical vapor deposition (MOCVD), that the thickness of the undoped 
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GaN layer 13 is 2 ]im, and that the sheet doping concentration of the 
GaN delta doped layer 18 is 1.0 x 10 13 cm 2 . Simulation results were 
similar to those of the first embodiment. 

THIRD EMBODIMENT 
5 [0035] Fig. 4 shows the construction of a GaN HFET according to a 
third embodiment. The growth method for semiconductor layers in the 
third embodiment is MBE, and an undoped GaN layer 73 is of the 
C-plane Ga-surface type. The undoped GaN layer 73 is so thin as 0.75 
yim that the cost for growth is reduced. In the structure of the 
10 conventional HFET shown in Fig. 7, when the GaN layer is thin like this, 
the problems of "parallel conduction" and "gate leak" become 
particularly noticeable. 

[0036] In semiconductor layers and metal layers of this GaN HFET, 
reference numeral 71 denotes a sapphire substrate, 72 denotes a 50 nm 

15 thick undoped A1N layer, 78 denotes a GaN delta doped layer (with 
sheet doping concentration Ns = 1.9 x 10 13 cm 2 ), 73 denotes a 0.75 
pm thick undoped GaN layer, 74 denotes a 50 nm thick undoped 
Al0 .2Ga0 .sN layer, 75 denotes a Ti/Al/Pt/Au source ohmic electrode, 
76 denotes a Pt/Au gate Schottky electrode, and 77 denotes a 

20 Ti/Al/Pt/Au drain ohmic electrode. 

[0037] The thickness of the undoped Al 0 . 2 Ga 0 . s N layer 74 in the 
third embodiment is 50 nm, thicker than that of ordinary Ga HFETs. 
This structure with a thicker undoped Al 0 . 2 Gao . s N layer 74 is effective 
in that the pinchoff voltage Vp becomes higher which results in higher 

25 electron velocity. However, the thicker undoped Alo . 2 Ga 0 . s N layer 74 
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increase the impedance of the whole GaN HFET, resulting in that the 
undesirable effect of "parallel conduction" due to the parallel hole 
channel becomes further noticeable. 

[0038] Nonetheless, in the third embodiment, since the "parallel 
conduction" is reduced by the GaN delta doped layer 78, the GaN FET 
operates successfully even with the structure of a thick undoped AlGaN 
layer 74 . That is, in a case where the undoped GaN layer 73 is thin 
and the undoped AlGaN layer 74 is thick, the GaN delta doped layer 78 
of the present invention is particularly effective. 

[0039] As described above, the sheet doping concentration Ns of the 
GaN delta doped layer 78 is 1.9 x 10 1 3 cm- 2 . Because of such a high 
sheet doping concentration required for the GaN delta doped layer 78, 
the GaN delta doped layer 78 needs to have a certain extent of 
thickness. Since the maximum n-type doping concentration of GaN is 
approximately 5 x 10 18 cm 3 , the thickness of the GaN delta doped 
layer needs to be not less than 40 nm to obtain a GaN delta doped layer 
having a sheet doping concentration of 2 x 10 1 3 cm- 2 . 
[0040] Although the foregoing embodiments have been described 
with respect to MEtal Semiconductor Field Effect Transistors 
(MESFETs), it is also possible to further provide an insulating layer on 
the AlGaN layer to adopt Metal Insulator Semiconductor Field Effect 
Transistors (MISFETs). In the case of MISFETs, there is no possibility 
of occurrence of "gate leak" essentially. However, the problem of 
"parallel conduction" can be solved by the present invention as in the 
case of MESFETs. 
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[0041] In all of the embodiments shown above, the heterojunction of 
AIN/GaN is abrupt. However, the AIN/GaN heterojunction may also be 
provided in continuous or stepwise gradation in terms of x in 
Al x Gai - x N. In the case where the heterojunction is in gradation, the 
5 thickness of the delta doped layer is desirably set approximately equal 
to the thickness of the gradation. 

[0042] For power amplifier (PA) circuits provided at base stations of 
cellular phones, the GaN HFET of the present invention is particularly 
effective. The reason of this is that because high-power PAs in 
10 cellular-phone base stations involve high applied voltages, the problem 
of gate leak is especially liable to occur. The GaN HFET of the 
invention is effective also for circuits (such as LNAs, mixers, and 
switches) other than PAs. 

[0043] Although the present invention has been fully described 

15 in conjunction with preferred embodiments thereof with reference to the 
accompanying drawings, various changes and modifications are 
apparent to those skilled in the art. Such changes and modifications 
should be construed as included therein unless they depart from the 
scope of the invention as defined by the appended claims. 



